To investigate the effects of postharvest application of 1-MCP on ethylene production, activities of ethylene biosynthesis enzymes including 1-aminocyclopropane carboxylic acid synthase (ACS), 1-amino-cyclopropane carboxylic acid oxidase (ACO) and 1-amino-cyclopropane carboxylic acid (ACC) content; and fruit softening enzymes such as pectin esterase (PE), exo-polygalacturonase EGase, exo-PG and endo-PG) in fruit skin and pulp tissues which may attribute directly to the reduced ethylene biosynthesis and/or inhibitory effect of 1-MCP on these fruit softening enzymes.
Abstract
To investigate the effects of postharvest application of 1-MCP on ethylene production, activities of ethylene biosynthesis enzymes including 1-aminocyclopropane carboxylic acid synthase (ACS), 1-amino-cyclopropane carboxylic acid oxidase (ACO) and 1-amino-cyclopropane carboxylic acid (ACC) content;
and fruit softening enzymes such as pectin esterase (PE), exo-polygalacturonase As a prelude, 1-MCP is known to modulate the physiology of fruit softening process in different cultivars of plum during ripening. However, the effects of 1-MCP on the ethylene biosynthesis and cell wall hydrolysis enzymes during fruit ripening in skin has not been investigated and warrants further investigation. Therefore, the aim of the present study was to investigate how 1-MCP application retards ethylene biosynthesis and fruit softening, including the activities of ethylene biosynthetic enzymes such as ACS, ACO and ACC content, as well as fruit softening enzymes including PE, exo-PG, endo-PG and EGase in the skin and pulp of the fruit during plum fruit ripening. 
Materials and Methods

Plant material
1-MCP application
The fruit were kept in a hermetically sealed plastic drum (68 L) and 0.0, 0.5, 1.0 or 2.0 μL L -1 1-MCP concentrations were injected into the drums through a rubber septum. 
Estimation of ethylene production
Two fruit per experimental unit were sealed in an airtight jar (1000 ml) fitted with a rubber septum for one hour at room temperature (21 o ± 1 o C). One ml of headspace gas sample was injected into Gas Chromatograph (GC) (Agilent 
Fruit firmness
Fruit firmness was determined using an electronic pressure tester (model EPT-1 pressure tester, Lake City Technical Products Inc, Kelwona, BC, Canada)
fitted with an 8-mm tip. A small slice of fruit skin was removed and firmness was recorded from two sides of individual plum fruit and then means were expressed as Newtons (N).
Determination of activity of ethylene biosynthesis enzymes and ACC content in fruit skin and pulp
Ethylene biosynthesis enzymes ACS and ACO and ACC content from fruit skin and pulp tissues were estimated by following the method of (Dong et al.,
2001a), with some modifications.
Determination of ACS activity
Skin or pulp tissue (10g) was homogenised with 5 mL K-phosphate buffer (0.5 M, pH 8.5) containing 5 μM pyridoxal phosphate and 5 mM dithiotheritol in the presence of 5 % polyvinylpyrolidone (PVP) in a glass pestle and mortar using 400 mg white quartz sand (-50+70 mesh, Sigma Alderich, Australia) at 2 o ± 1 o C. Contents were centrifuged at 14000 g for 30 min at 4 o C and 2 mL of supernatant was mixed with one mL of 500 μM s-adenosyl methionine (SAM) into a glass reaction tube. The reaction tube was sealed with a rubber septum, incubated for 30 min at 30 o C, and transferred to an ice bath.
Using a syringe through the stopper, 0.1 mL of HgCl 2 (50 mM) and 0.3 mL of NaOCl (5%) and saturated NaOH (2:1, v/v) were added into the reaction tube.
The reaction tube was incubated in ice for further 2.5 min and a 1 mL gas sample was taken form the head space and injected into the GC for ethylene estimation, as described earlier. Ethylene production was calculated from the peak area obtained from the tissue extract (2 mL) in comparison with the peak area obtained for the ethylene standard. ACS activity was expressed as pmol ACC mg protein -1 h -1 .
Determination of ACO activity
Skin or pulp tissue (2g) was homogenised in a glass pestle and mortar using 200 mg white quartz sand in 5 mL extraction buffer consisting of 0. 
Determination of ACC content
The fruit skin or pulp tissue (5-6 g) was homogenised in a glass pestle and mortar using 300 mg white quartz sand with 10 mL distilled water at 2 o ± 1 o C temperature. Following centrifugation at 10,000 g for 20 min at 4 o C, 0.5 mL supernatant was mixed with 0.1 mL HgCl 2 (50 mM) in two sets one with and the other without 0.1 mL ACC (100 μM) and the final volume 1.8 mL was made with distilled water. The glass test tubes were sealed with a rubber septum. Both test tubes were placed on ice, and 0.2 mL (5% NaOCl + saturated NaOH 2:1, v/v) solution was injected into the sealed tubes and vortexed for 5 sec. After 24 min incubation on ice, the tubes were again vortexed and 1 mL gas sample was taken from headspace and injected into GC for estimation of ethylene. The conditions of analysis were similar to those explained above. Ethylene production was calculated from the peak area obtained from the tissue extract (0.5 mL) in comparison with peak obtained for the sample without internal ACC (0.1 mL) as standard and was expressed as pmol g -1 FW.
Determination of softening enzyme activity in fruit skin and pulp
Softening enzymes, including exo-PG, endo-PG, EGase and PE from fruit skin and pulp tissues, were estimated by following the method of (Dong et al.,
Determination of exo-PG and endo-PG activities
The fruit skin or pulp tissue (13g) was mixed with 13 ml cold 12% polyethylene glycol and 0.2% sodium bisulphite. Contents were homogenised in a glass pestle and mortar using 400 mg white quartz sand and centrifuged at 14000 g for 45 min at 4 o C. The pellet was washed with 13 ml cold aqueous solution of sodium bisulphite (0.2%) and re-centrifuged at 14000 g for 15 min at 
Determination of PE activity
To estimate the activity of PE, fruit skin or pulp tissue (13g) was passed through series of steps until pellet formation, as described in exo-PG and endo-PG estimation. The pellet was resuspended in 15 mL (7.5%, NaCl, w/v) and 0.75% (w/v) ethylenediamine tetra-acetic acid (EDTA) at pH 6.5, and incubated for 10 min at 4 o C. Following centrifugation at 14000 g at 4 o C for 15 min, 5 mL of supernatant (crude enzyme extract) was mixed with 20 mL (1.0%) citrus pectin and titrated against 0.01 N NaOH, while incubating at 30 o C to maintain pH 7.4 for 10 min. The activity of PE was expressed as mM NaOH mg protein -1 h -1 .
Determination of EGase activity
Fruit skin or pulp tissue (13g) was used to estimate EGase activity. Pellet .
Protein determination
Protein contents from fruit skin or pulp tissue were estimated using the method (Bradford, 1976), with some modification. 100 mg coomassie brilliant blue (G-250) was dissolved in 50 ml (95%) ethanol and 100 mL (85%) phosphoric acid (w/v) and content was diluted to one L with distilled water. The supernatant (0.1 mL) was taken into 12 x 100 mm reaction tubes. Protein reagent (5 mL) was added into the reaction tube, and contents were vortexed for 5 sec.
The absorbance at 595 nm was measured after 1 min and before 1 hour in 3 mL plastic disposable cuvettes against a reagent blank prepared from 0.1 mL of the appropriate buffer and 5 mL protein reagent. Standard curve was made, using known albumin bovine serum concentrations, and protein was expressed as mg g -
Statistical analysis
Data were subjected to analysis of variance (ANOVA), using Genstate 6 release (Lawes Agricultural Trust, Rothamsted Experimental Station, Rothamsted, U.K.). The effects of various treatments were assessed within ANOVA and least significance differences (Fisher's LSD) were calculated (P < 0.05). All the assumptions of analysis were checked to ensure validity of statical analysis. Pearson correlations were performed between the ethylene production and ethylene biosynthesis enzymes, ethylene production and fruit softening enzyme activities; fruit firmness and ethylene biosynthesis, fruit firmness and fruit softening enzyme activity were performed using SPSS software package v.14.0 for Windows, USA.
Results
Ethylene production
1-MCP-treated fruit exhibited delayed and suppressed ethylene production, as compared to untreated fruit. On day one of ripening, untreated fruit showed 11.8-fold higher ethylene production than 1-MCP-treated fruit. In the control fruit, climacteric ethylene production peaked (1.89 μmol kg -1 h -1 ) on day six of ripening and declined gradually to 0.414 μmol kg -1 h -1 on day 16 ( Fig.   1 ). While none of 1-MCP-treated fruit showed any increase in ethylene production until day eight of ripening, 0.5 μL L -1 1-MCP-treated fruit showed climacteric ethylene peak (2.08 μmol kg -1 h -1 ) nine days later than control fruit.
Higher 1-MCP concentrations (1.0 and 2.0 μL L -1 ) delayed and suppressed climacteric peak in ethylene production and exhibited two-fold less ethylene (0.925 and 0.859 μmol kg -1 h -1 ) than control fruit even on day 16.
Ethylene biosynthesis enzymes and ACC content in fruit skin and pulp
Activity of ACS
1-MCP treatments suppressed ACS activity in skin and pulp tissues of treated fruit as compared to untreated fruit during ten days of ripening. In control fruit the activity of ACS increased as ripening progressed. On day ten of ripening, the skin tissue showed 13-fold higher activity (3.424 pmol ACC mg protein -1 h -1 ) of ACS than day one of ripening. ACS activity in the skin of the all 1-MCP-treated fruit remained unchanged until day seven, and then 0.5 μL L -1 1-MCP-treated fruit showed a slight increase in their skin ACS activity about 3-fold less than the control. Fruit treated with higher concentrations of 1-MCP (1.0 and 2.0 μL L -1 ) did not show any change in ACS activity in skin tissue even after ten days of ripening (Fig. 3A) . Plum pulp tissue from fruit treated with 0.5 μL L -1 1-MCP estimated 0.181 pmol ACC mg protein -1 h -1 ACS activity, while higher concentrations remained unchanged even at day ten. Peak ACS activity in pulp of control fruit was estimated on day ten (0.25 pmol ACC mg protein -1 h -1 ), which was found to be 14-fold less than skin ( Fig. 3A and 3B) . Similarly, the pulp of 1-MCP-treated fruit exhibited less ACS activity as compared to skin.
Trends in the reduction of ACS activities were similar both in skin and pulp tissues, but skin tissue exhibited higher ACS activity compared to pulp tissues (Fig. 3B ).
Activity of ACO
ACO activity in skin and pulp tissues of the fruit treated with 1-MCP were reduced more than in control fruit ( 
ACC content
ACC content significantly increased during ripening in control fruit, while a rise in ACC content was completely suppressed in the 1-MCP-treated fruit tissue, irrespective of concentration of 1-MCP applied. There was a sharp rise in ACC content in skin and pulp tissues of untreated control fruit during ripening ( Fig. 5A and 5B). Skin exhibited six-fold (17.23 pmol g -1 FW) and pulp 19-fold (6.81 pmol g -1 FW) rise in ACC content at day ten compared to day one.
Skin tissue ACC content of untreated fruit remained three-fold higher than pulp tissue. None of the 1-MCP-treated fruit (pulp or skin) tissue exhibited any rise in the ACC content during the ripening period. 
Fruit firmness
Fruit softening enzymes in fruit skin and pulp
Activity of PE
The application of 1-MCP reduced the activities of softening enzymes compared to the untreated control fruit. The effect of 1-MCP on the reduction of enzyme activity was concentration dependent and was more pronounced at higher concentrations of 1-MCP applied. Untreated fruit showed a linear increase in skin PE activity from day one (0.064 mM NaOH mg protein -1 h -1 ) to day ten (0.29 mM NaOH mg protein -1 h -1 ) during ripening (Fig. 6A) , while PE activity in skin of treated fruit decreased with increased concentration of 1-MCP applied. PE in the pulp tissue was slightly higher than skin but both tissues exhibited similar pattern of changes in PE activity during ripening ( Fig. 6A and   6B ). ) on day seven, with a decline on day ten (Fig. 7B) . The pulp of fruit treated with 0.5 μL L -1 1-MCP exhibited a peak (188.17 viscosity changes mg protein -1 h -1 ) on day seven, similar to that of the control, while higher concentrations did not show any significant increase in pulp EGase activity. Both skin and pulp tissues exhibited a similar pattern of EGase activity but, in pulp tissue the EGase enzyme was two to three-fold more active, compared to skin tissue. Control and 0.5 μL L -1 1-MCP-treated skin tissues on day seven showed a peak in EGase activity, but remained 2.5-fold less compared to pulp tissue (Fig. 7A) .
Activity of EGase
1
Activity of exo-PG and endo-PG
The application of 1-MCP significantly reduced the exo-PG and endo-PG activities both in skin ( Fig. 8A and 9A ) and pulp tissues ( Fig. 8B and 9B) compared to untreated control fruit. Reduction in these enzyme activities was concentration dependent and decreased with increased concentrations of 1-MCP applied. In skin tissue of control fruit on day ten, exo-PG was 1.6-fold higher than on day one, while in 1-MCP (0.5, 1.0 and 2.0 μL L -1 ) treated fruit on day ten it increased only up to 1.4,1.2 and 1.1-fold respectively, compared to day one. In 1-MCP-treated fruit, endo-PG activity was also significantly lower than in untreated control fruit. 
Discussion
Ethylene biosynthesis
As expected, postharvest application of 1-MCP (1.0 and 2.0µL L -1 ) suppressed the ethylene production during ripening at ambient temperature 
Ethylene biosynthesis enzymes and ACC content
Postharvest application of 1-MCP significantly reduced the ACS and ACO activities both in pulp and skin tissues during ripening as compared to The activity of ACO in the skin as well as in pulp tissues of untreated and 0.5 μL L -1 1-MCP-treated fruit peaked and synchronised with the rise in the ethylene production and such a trend of ACS activity in skin and pulp of fruit was not recorded (Fig. 3 and 4) . 
Fruit firmness and fruit softening enzymes
The effect of 1-MCP on fruit firmness was concentration dependant and Fruit treated with 1-MCP showed reduced activities of exo-PG and endo-PG enzymes during plum fruit ripening ( Fig. 8 and 9 ) and the reduction was more pronounced at the higher concentrations of 1-MCP applied. Maximum exo-PG and endo-PG was observed on day ten, which coincided with the activity of PE during ripening in `Tegan Blue' skin and pulp tissues. (Fig. 7 and 8 ). PE demethylates, the C6 position of galacturonic acid polymer, which facilitates PG to act preferentially on the demethylated substrate provided by the activity of PE 
Role of ethylene and fruit softening enzymes in fruit softening
Conclusion
In conclusion, `Tegan Blue' plum fruit treated with 1.0 μL L -1 1-MCP for 24 hours at 20 o C exhibited suppressed and delayed ethylene production and reduced the activities of ethylene biosynthesis enzymes (ACS, ACO) and ACC content, as well as fruit softening enzymes (PE, EGase, exo-PG and endo-PG) in fruit skin and pulp tissues. This may be attributed directly to the reduced ethylene biosynthesis and/or inhibitory effect of 1-MCP on these fruit softening enzymes.
1-MCP-treated fruit also showed differential activity of fruit softening and ethylene biosynthetic enzymes in the skin and pulp tissues, which warrants further investigations on its effects on the gene expression related to these enzymes. 
References
